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A c c e p t e d M a n u s c r i p t
Introduction
Shot peening is a cold working method, which has been widely used in industries ranging from aerospace to construction due to the compressive residual stresses induced in the material by the process, which can prevent the formation of surface cracks and enhance the fatigue life of the mechanical part's sub-surface. 1, 2 In the shot peening process, the shot peening media impact on the surface of metal components causing plastic deformation and subsequently inducing compressive stresses in the sub-surface.
The surface area of the shot peened material become harder and rougher than its surrounding unaffected surface area. 1 Recently, ultrafine grain materials, especially nanostructured materials have attracted significant interest from both industry and science. They are expected to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 3 deliver superior mechanical properties when compared with the normal grain size specimens. 3, 4 From the literature, 5 surface properties have an important influence on failures of engineering parts, for example in fatigue fracture, fretting fatigue, wear and corrosion, etc. In many applications, it is recommended that it is not necessary to make entire components by ultrafine grain materials. Thus, the material with ultrafine grain on the surface is supposed to highlyimprove the surface properties of thespecimenwithout changing its chemical components and shapes. 3, 5 To create an ultrafine grain material, an aggressive form of shot peening is required with much higher intensity and coverage. This process is known as severe shot peening (SSP) and has been successfully used to generate the ultrafine grain layer on a variety of materials, including pure materials, alloys, and intermetallic compounds. 5 The majority of experiments reported in the literature considered the effects of ultrafine grain layers on the improvement in mechanical material behavior. It also worth to note that the high intensity, in the case of severe shot peening process is effective to induce a high magnitude of compressive stress as well as generate the ultrafine grain layer on the surface of peened material. However, the surface roughness of the severe shot peened target material is relatively high, which is considered as a side effect of this process. To improve the surface finish of the severe shot peened component, a second shot peening process with a smaller shot size media and a reasonable intensity should be employed.
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This process is called as re-severe shot peening.
It was reported by Singh et al. 6 that wear volume loss of quenched and tempered SAE 6150 steel could be reduced by employing the shot peening process. Mitrovic et al. 7 proved that both shot peened 36CrNiMo4 and 36NiCrMo16 alloy steel showed an improved wear resistance under dry and lubricated contact condition tests. Kuruschov 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 4 hardening on the wear resistance. Matsui et al. 10 investigated the tribological performance of steel under the dry rolling/sliding contact conditions and found that the samples with pre-shot peening treatment exhibited an improved wear resistance. The wear performance of AISI 1017 steel after severe shot peening was studied by Unal et al..
11
The results suggested that the hardness and stiffness of the sample surface enhancedas the high shot peening intensity and wear durability improved as a result.
However, the data on tribological properties of shot peened, severe shot peened and re-severe shot peened steel are not easily available. Among steels, AISI 4340, high strength steel, is known for its toughness and its ability to attain high strength in the heat-treated condition. It is a widely used for steel crankshafts, automotive, forged hydraulic and machine tool applications.
In this paper, AISI 4340 high strength steel samples were shot peened under conventional and severe conditions to investigate their mechanical and tribological
properties. The hardness distribution against the depth from the surface of the shot peened components was evaluatedemploying a nanoindentor and their frictional and wear properties were studied using a ball-on-disc micro-tribological experiment. The samples were then mounted on the fixture and peened under different conditions. Table 1 presents the applied shot peening parameters for the experiments. A c c e p t e d M a n u s c r i p t 5 To achieve a required coverage of 120%, the specimen was peened in 150 seconds. Therefore, the peening time to obtain the coverage of 1200% is 1500 seconds. Air blast shot peening machine (Abrasive Engineering Pte. Ltd.) was employed to perform the experiment. The media used in this research were S230, and S110, the round high quality steel shot, which are the common media used in industry.
Materials and methods

In
Results and discussion
Prior to investigate the microstructure, the shot peened samples were cross-sectioned in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 6 heat treatment process or by conducting a polishing process after heat treatment. The normal grain size of the as-received sample has a mean diameter of about 10 μm. Figure   2c and d present the cross-sectional microstructure of conventionally shot peened sample 2 (CSP2) observed at different magnifications. The iron oxide layer is partly removed from the surface of the peened sample (Fig. 2c) . The iron oxide layer with the depth of about 3-5 μm is still available on the top surface of conventional shot peened sample ( Fig. 2c) . Under the plastic deformation formed by the shot peening process, the grain size of the second layer is reduced to about 5 μm. This layer has a depth of 100 -150 μm from the surface (Fig. 2d) . The result demonstrates that shot peening is a good process to remove the iron oxide layer from the surface. The hardness tests were performed using an Agilent G200 Nanoindenter equipment, with a depth limit of 2000 nm. Figure 3a exhibits the microhardness 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 7 distribution along the depth from the surface of samples. During the heat treatment process in the normal furnace, carbon is lost on the surface and near-surface layers of the material. The depth of the layer which the carbon element escaped is about 300-500 μm, and the quantity of amount of escaped carbon reduces from the surface into inside material. This phenomenon caused a reduction in the hardness of heated sample at the surface and near-surface layer (up to 500 μm).
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The shot peening process induced the plastic deformation on the surface of the target causing work hardening on these peened samples. It is also clearly seen that comparing with the as-received specimen, the near-surface hardness of SSP, Re-SSP, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
13, 14
The results can show that the samples with higher surface roughness ( Fig.   3b and Fig. 4 ) exhibit a higher friction coefficient for all the tests. However, in thecase of Re-SSP, the surface roughness values of Re-SSP sample is equal to that of CSP1 and smaller than that of CSP2 but the friction coefficient is still higher. As mentioned above, the ultrafine grain layers are formed on the surface and near-surface of the SSP sample and Re-SSP samples. This ultrafine grain layer has different properties compared with the original grain size of thematerial. 5 Therefore, the higher friction coefficients in cases of Re-SSP come from the effect of this ultrafine grain layer. Figure   5b shows the friction coefficients of the shot peened steels against the steel ball under the load of 5N as a function of the number of laps. The friction coefficient increasing gradually in the first 10,000 laps(also called running-in period), that reason is due to the increased wear of asperities rubbing surfaces.
12, [15] [16] [17] [18] [19] From 10,000 laps onwards, the tested samples exhibit a steady friction coefficient during the entire sliding test, resulting from their stable wear. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 10 depth. The wear track profile was measured after tested friction coefficient for 40000 laps by using a surface profilometer (Taylor Hobson Talyscan 150). It is clear that the decreasing of wear volume in the tested samples are probably due to the increasing of the wear resistance associated with their risen surface hardness. 12, 19, 20 It is further confirmed by considering the hardness distribution at the surfaces of these samples (Fig.   3a) . The highest hardness surface sample (Re-SSP) has the lowest wear volume of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 11 peening process could partly remove this layer and improve the properties of material while severe shot peening process totally removed it from the surface.
The severe shot peening generated an ultrafine grain layer with a depth of 20 µm. The severe shot peening process increased the hardness of the surface and nearsurface of material as a result of promoted cold work hardening effect. The increasing surface hardness by applying conventional shot peening and severe shot peening process could improve the wear resistance properties of material, as a result of decreasing the wear volume of peened samples.
Severe shot peening process caused a high surface roughness on the surface of the sample due to the formation of deep indentations on the surface. Therefore, the risen surface roughness of the severetreated sample was responsible for their risen friction coefficient against the steel ball under the load of 5N. The high surface roughness was considered as a side effect of severe shot peening process. To reduce its side effect, additional shot peening process with smaller media was employed. This method not only reduced the surface roughness on severe shot peened surface samples but also improved the wear resistance of the low alloy steel (Re-SSP).
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(b)
. SEM micrograph of the media: (a) S230 and (b) S110.
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